The hydrogen solubility of TiO2-SiO2-FeO and the TiO2-SiO2-MnO welding-type flux systems have been studied to identify and compare the hydrogen dissolution behavior in molten welding fluxes at high temperatures of 1 823 K in a wide range of compositions. The dependence of the water vapor pressure and the hydrogen solubility showed a slope of 1/2 suggesting thermodynamic equilibrium was obtained. For an acidic slag composition, the hydrogen was found to be incorporated within the silicate network structure and decreased with higher TiO2 additions due to the dilution effect of SiO2 and subsequent decrease in incorporation sites. The additions of FeO and MnO, which acts as a basic component to the slag system, provided free oxygen ions, and decreased the incorporation sites for hydrogen dissolution. FTIR analysis of as quenched molten flux samples showed more pronounced bands for Si-OH bending vibrations when hydrogen solubility increased. For a basic slag composition, the hydrogen existed as a free hydroxyl and the addition of basic components such as FeO and MnO to the slag system increased the hydrogen solubility in the molten slag. Furthermore, it was observed that the hydrogen solubility was slightly lower for FeO than MnO containing fluxes.
Introduction
With the development of stronger and tougher steels in excess of 600 MPa, there has been an increased focus on the degradation of weld joints as a weak point for materials failure. In particular as the physical and chemical properties of the weld joint become increasingly critical to the overall performance of the material, the control of hydrogen concentrations to sub mass ppm levels have been reported to be essential in achieving the required strength.
According to Hirth, 1) minute amounts of hydrogen less than 10 mass ppm can have a serious impact on the properties of high strength steel welds. In particular for high strength steels, hydrogen induced cracking can be a serious problem when even small amounts of hydrogen is contained in and near the heat affected zone of the weld.
2) There may be several contamination sources of hydrogen during welding including the filler metal, the cored flux, and the atmosphere. When the welder follows appropriate preheating procedures, most of the pre-existing absorbed moisture in the flux is removed. In addition, the filler metal typically contains very little hydrogen and is likely to have minimal impact on the final hydrogen content in the fusion zone. However, the temperature and environmental conditions during welding, which can control the atmospheric moisture, may have a significant impact on the addition of diffusible hydrogen into the fusion zone of the weld pool. Thus to inhibit the contamination of hydrogen from the moisture in the atmosphere by providing a protective layer and also to refine some of the hydrogen that may be present in the filler metal, the welding flux or slag is expected to play a vital role in controlling the minute concentrations of diffusible hydrogen in high-strength steel welds.
Depending upon the flux chemistry, industrial welding fluxes can have hydrogen solubilities in the order of sub mass ppm to several hundred mass ppm. Past studies on hydrogen or water dissolution of welding fluxes are very limited, but some work has been done in steelmaking and continuous casting fluxes, [3] [4] [5] [6] [7] [8] which is useful since the mechanism is likely to be similar.
Yokokawa et al. 3) studied the hydrogen content of TiO2 containing calcium-silicate slags and found hydrogen to dissolve in slags by two reaction mechanisms determined to be incorporated hydroxyl and free hydroxyl. .... [2] The dissolution mechanism is defined by reactions [1] and [2] . At a constant CaO/SiO2 of 1.3 at 1 823 K, the addition of TiO2 decreased the hydrogen solubility, which was assumed to be the effect of the acidic oxide TiO2 decreasing the basicity of the slag system and lowering the free hydroxyl according to reaction [2] .
Sachdev et al. 4) using a vacuum fusion technique studied the solubility of water in the CaO-SiO2-Al2O3 based slag H O+ Si O Si = 2 Si OH system. FeO additions increased the kinetics of hydrogen dissolution in the quaternary system, but did not significantly affect the final hydrogen content. On the other hand, SiO2 additions decreased the final hydrogen content and for CaO/ SiO2 of 0.6 in the CaO-SiO2-Al2O3 system, a characteristic 'V'-shaped trend with a minimum hydrogen content was observed with Al2O3 additions. It was suggested that the predominant AlO4 --tetrahedral bonding changes to AlO6 9- octahedral bonding. Jo et al. 5) in the CaO-SiO2-Al2O3-MgO quaternary system found the hydrogen solubility to increase with higher Al2O3 content and suggested the amphoteric Al2O3 to behave as a basic oxide than an acidic oxide within the experimental composition. However, the molar ratio of (XCaO+XMgO)/(XSiO2+XAl2O3) was 1.7, which seems to be in the basic region and requires Al2O3 to be an acidic component, thus contradicting the previously mentioned role of Al2O3 warranting further studies.
In most of the industrial flux cored arc welding (FCAW) taking place, where hydrogen control is essential, rutile (TiO2)-type FCAW's are used. In this study, the hydrogen solubility of TiO2-SiO2-FeO type slags and the TiO2-SiO2-MnO type slags have been studied to identify and compare the hydrogen dissolution behavior in rutile-type welding fluxes at high temperatures. The slag structure has also been analyzed using FTIR (Fourier Transformed Infrared) to determine the effect of slag structure on the hydrogen solubility.
Experimental
Samples were synthesized using reagent grade chemicals of TiO2, SiO2, FeO, and MnO. The samples were pre-melted at 1 823 K under 200 sccm of Ar in a platinum crucible for 3 hours to obtain homogeneous slag samples of TiO2-SiO2-MnO or TiO2-SiO2-FeO. The homogenized samples were quenched and crushed for the primary experiments. Chemical composition of the fluxes is shown in Table 1 .
Using the experimental set-up shown in Fig. 1 , UHP Ar gas (99.9999%) of 200 sccm was passed through a column of water at a set temperature. The Ar gas was retained within the humidifying vessel set at 333 K for sufficient time to saturate the gas. To retain the partial pressure of H2O at approximately 0.2 atm (152 mmHg) obtained from the saturation of Ar after the humidifying vessel, the gas inlet line beyond the humidifying vessel was electrically heated above the water bath temperature at 353 K. This wet Ar was injected into the hot zone of the vertical resistance furnace. The temperature of the furnace was calibrated before each experiment using a reference B-type thermocouple and controlled within ±3 K using a PID controller. The slag sample was then equilibrated for more than 5 hrs to ensure that a thermodynamic equilibrium was reached for the hydrogen dissolution into molten slag. Figure 2 shows results of preliminary work done with hydrogen solubility as a function of reaction time, which suggests that 5 hrs seem to be sufficient to reach the thermodynamic equilibrium value.
Due to the low hydrogen solubility of the rutile-type molten slags used in FCAW, typical thermogravimetric analysis (TGA) methods could not be employed. [6] [7] [8] Thus, hydrogen analysis could only be done after removing the slag from the hot zone of the furnace and quenching the sample on a water-cooled copper mold. The as-quenched sample was placed within an Ar purged container for not more than four days and analyzed for hydrogen using a LECO RH-600 inert gas fusion technique with thermal conductivity detection. The hydrogen values were an average of at least three measurements of the same sample for better accuracy and reproducibility. The standard deviation varied from 0.2 to 2.5 mass ppm. Error bars were added to the various figures. Between different composition flux samples, reference samples were also measured to ensure accuracy.
Since the RH-600 inert gas fusion technique was not specifically designed for slag samples, preliminary verification experiments had been done to validate the results. Using the results of Imai et al. 8) and their relatively proven method of direct mass change measurements using a TGA, slag samples of CaO-45.1 mass% SiO2-28.5 mass% FeO were synthesized, equilibrated under identical conditions to Imai et al., and analyzed. Figure 3 shows the results to be comparable and reproducible. Figure 4 shows the logarithm of (mass ppm H) as a function of the logarithm of H2O partial pressure. The results seem to show a linear relationship with a slope of approximately 1/2. This is expected from the abovementioned reactions [1] and [2] . When the temperature is fixed, the equilibrium constant is fixed and from reactions [1] and [2] , the following relationship could be derived.
Results and Discussion

Effect of H2O Partial Pressure on Hydrogen Dissolution in Molten Fluxes
........ [3] .......... [4] Where α and β are constants containing the equilibrium constants of reactions [1] and [2] , the conversion factors from mass percent to mass ppm, and the activity coefficients pertaining to the various constituents, which are fixed when the composition and the temperature is fixed. Although the results on the effect of water vapor pressure cannot be used to distinguish the two mechanism of hydrogen dissolution in slags since both result in a slope of 1/2, the results can verify that the experiments have reached thermodynamic equilibrium. Both the flux compositions of the TiO2-SiO2-MnO and TiO2-SiO2-FeO system show relatively good agreement with the expected theoretical slope of 1/2, but there are some scatter in a few of the flux compositions.
Effect of Composition on Hydrogen Dissolution in
Molten Fluxes The hydrogen dissolution in molten fluxes and slags is highly dependent on the composition. In the present study of FeO containing TiO2-SiO2 based system, Fig. 5 shows the mass ppm H as a function of the extended Vee-ratio, which is the mol ratio of (FeO)/(SiO2+TiO2). The result of Imai et al. 8) is also plotted for comparison. At low extended Vee-ratio, the hydrogen dissolution in the molten flux decrease with increasing Vee-ratio. = +β ratio to be directly proportional to the basicity of the flux, we can assume that at low basicity, the hydrogen solubility in the flux decreased. This corresponds to the mechanism of an incorporated hydroxyl reaction described in reaction [1] , which suggests that the modification of the network structure of the flux as the basicity increases can actually decrease the amount of hydrogen due to the disappearance of bridged oxygen incorporation sites. With higher extended Vee-ratio or higher basicity, the hydrogen solubility reaches a minimum and rebounds showing a "V"-shaped curve. At approximately unit Vee-ratio, there is a change in slope suggesting a mechanism change. Beyond unit Vee-ratio towards a more basic slag system, the hydrogen solubility increases with higher basicity, which corresponds to the mechanism of a free hydroxyl reaction described in reaction [2] . The modification of the network structure of the slag as the basicity increases can increase the amount of hydrogen due to the apparent increase in free hydroxyl sites. The cause of the scatter at lower extended Vee-ratio has yet to be completely understood. However, the authors speculate that the scatter at lower basicity is likely due to two main factors related to hydrogen analysis. First, the hydrogen is dissolved in molten slag as free hydroxyl at higher extended Vee-ratio (basic slag system) and as incorporated hydroxyl at lower extended Vee-ratio (acidic slag system). The inert gas fusion technique used in the LECO RH-600, which fuses slags at high temperatures, may extract hydrogen more easily when free hydroxyl is dominant. Second, as the acidic components increase in the TiO2-SiO2-FeO slag system, the slag melting temperature increases and the samples in the RH- 8) showed similar hydrogen solubility behavior for the CaO-SiO 2 -FeO slag system at high basicity, but no results were reported for lower basicity. The present authors can only speculate to the direction of the hydrogen dissolution with decreasing basicity for their results.
Although the results of the MnO containing TiO 2 -SiO 2 based system was not as extensive as the TiO 2 -SiO 2 -FeO system, Fig. 6 shows a similar trend with the mass ppm H as a function of the mol ratio of (MnO)/(SiO 2 +TiO 2 ). There are some scattering in the data for the results plotted at 0.07 atm and 0.2 atm H 2 O partial pressure, but there does seem to be an inflexion for both experimental conditions near unit Vee-ratio similar to Fig. 5 . Furthermore, the hydrogen solubility in the TiO 2 -SiO 2 -FeO system seem to be lower than the TiO 2 -SiO 2 -MnO system of which has yet to be fully understood. Qualitatively, this may suggest that when designing welding fluxes MnO may result in lower diffusible hydrogen in the fusion zone compared to FeO. and provide free oxygen ions (O 2-). According to reaction [1] , an increase in the basicity ( ) will decrease the incorporation sites of hydrogen and lower the incorporated hydroxyl. Thus, with higher FeO, the free oxygen ions modifies the bridged oxygen sites where hydrogen incorporation occur and subsequently lowers the number of incorporation sites for hydrogen. However, like many of the past work on hydrogen dissolution, a perspective taken from the basic component (FeO or MnO) of the slag system tends to obscure the importance of the acidic component, particularly SiO2 where much of the incorporation of hydrogen occur. Considering the molecular weight of FeO and SiO2, the impact of SiO2 with changes in the FeO/ SiO2 ratio is more dramatic and thus the hydroxyl solubility is likely to be more sensitive to the changes in the activity of SiO2 as suggested by Sosinsky et al. 6) The direct effect of TiO2 additions seems to be highly dependent on the availability of SiO2 and the subsequent dilution effect of TiO2 on the total incorporation sites that SiO2 provides. At TiO2 concentrations of 45 mass% and higher, the SiO2 mass% is lower than 18 mass%. Results show that above 45 mass% TiO2, the hydrogen solubility is relatively constant due to the limited availability of hydrogen incorporation sites.
Understanding the Structure of Molten Fluxes and
Its Relationship with Hydrogen Dissolution The dissolution of hydrogen in molten fluxes and slags is strongly related to the composition of the flux. And the composition of the flux results in significant changes in the molten structure where the hydrogen can dissolve as a free hydroxyl ion (OH -) or an incorporated hydroxyl (Si-OH). , a weak transmittance band is observed, which has been suggested to be the bending vibration of surface absorbed H2O on SiO2 according to Marashkevich et al. 10) No apparent difference was observed with changes in FeO/SiO2 indicating that the surface absorbed H2O is relatively not a factor. At lower wavenumbers of 940 cm -1 , a ridge is observed, which is the hydroxylated silica bending vibration of Si-OH. For an acidic oxide slag system, lower FeO/SiO2 or increased SiO2 content increases the bridged oxygen in the network structure, where H2O can dissociate and be incorporated into the silicate structure as Si-OH, which increases the hydrogen solubility. Near 930 cm -1 , studies 10) have shown the existence of a Ti-O-Si bending vibration, but was not pronounced. This may suggest that the hydrogen dissolution is relatively more affected by concentration changes in FeO and SiO2 than the TiO2 additions. The band trough from approximately 805 to 799 cm -1 corresponds to the symmetric stretching bands of the Si-O-Si bonds. 11, 12) This trough becomes more pronounced with higher SiO2 content, which is likely due to the increased probability for the formation of Si-O-Si bonds. The FTIR results for the acidic slag system indicates that higher hydrogen solubility is likely with higher SiO2 and the Si-OH bending vibration becomes more pronounced as increased hydrogen becomes incorporated into the silicate structures. Figure 9 shows the FTIR results at relatively constant results indicating that the silicates in the TiO2-SiO2-FeO slag system is relatively highly structured in the molten state. The symmetric stretching band of Si-O-Si is observed in the TiO2 content at 25 mass% and disappears when TiO2 additions are at 65 mass%, which is expected when the absolute amount of SiO2 has significantly decreased. The Si-OH bending vibration band typically observed near wavenumbers 960 to 930 cm -1 disappears with higher TiO2 and the Si-O-Ti bending vibration becomes apparent with increased TiO2 additions. As TiO2 content increases, SiO2 is diluted and subsequent reaction of H2O with the bridged oxygen and the formation of Si-OH seems to be inhibited. Thus from a structural perspective, the apparent decrease in the incorporation sites for hydroxyl's as SiO2 content decreases is an essential parameter in the determination of hydrogen dissolution in the TiO2-SiO2-FeO system.
The FTIR results in Fig. 10 for the TiO2-SiO2-MnO system were comparable to the TiO2-SiO2-FeO system shown previously in Figs. 8 and 9 . With increased additions of TiO2, the effective dilution of SiO2 occurs and the incorporation sites for hydrogen decreases lowering the hydrogen solubility. Slags with higher concentrations of hydrogen showed a more pronounced transmittance trough of Si-OH. Unlike the ternary mold flux system containing FeO, the MnO containing fluxes showed strong transmittance spectra for the Ti-O stretching vibrations between the wavenumber of 730 to 700 cm -1 . No particular difference could be ascertained for the Ti-O stretching vibrations even with the wide variation of TiO2 concentration. This may be an indication that the effect of TiO2 on hydrogen solubility is not as crucial as SiO2 or FeO and MnO.
Conclusion
The hydrogen solubility in the TiO2-SiO2-FeO and TiO2-SiO2-MnO welding-type flux at 1 823 K has been studied. The effect of water vapor pressure on mass ppm H was close to the theoretical slope of 1/2 suggesting the reaction was at equilibrium. An increase in TiO2 content for an acidic flux decreased the hydrogen solubility of the molten flux due to the dilution of SiO2 and the subsequent absence of incorporation sites for hydrogen. Above approximately 45 mass% TiO2 and the subsequent decrease in the SiO2 concentration, the hydrogen solubility was relatively constant. The FTIR analysis for the TiO2-SiO2-FeO and the TiO2-SiO2-MnO acidic slag systems indicated a pronounced transmittance band for the Si-OH bending vibration with higher hydrogen concentrations indicating that the major mechanism for hydrogen to be in the form of an incorporated hydroxyl within the silicate network structure. For a basic flux, the addition of FeO and MnO increased the hydrogen solubility due to the increase in basicity of the flux and subsequent formation of free hydroxyl. Furthermore, comparison of the FeO and MnO containing TiO2-SiO2 based fluxes showed a lower hydrogen solubility for the FeO containing system. 
